Abstract-A new L-shaped chiral structure working in microwave and optical frequency bands has been designed and simulated. The circular dichroism, ellipticity angle, polarization azimuth rotation angle, and effective parameters of this structure, including relative permittivity, relative permeability, chiral parameter and refractive index, are retrieved from simulated transmission and reflection spectra. The results show that the exceptionally strong optical activity is found for the L-shaped chiral structure. Because of the large chiral parameter of this structure, negative refractive index of one circularly polarized wave can be obtained without simultaneously negative permittivity and negative permeability.
INTRODUCTION
Recently, the negative refractive index media have attracted much attention because they have a series of unique electromagnetic properties such as negative refraction phenomenon, abnormal Cherenkov radiation and reversed Doppler shift, etc. [1] . The methods to achieve negative refractive index, including double-negative approach [2, 3] , transmission line (TL) approach [4, 5] and photonic crystal approach [6, 7] , have been intensively studied by various research groups. Unlike those methods, Tretyakov et al. [8, 9] and Pendry [10] have discussed the possibility to achieve negative refraction in chiral media.
The chiral media have two important properties. One is called optical activity which characterizes the polarization azimuth rotation angle of elliptically polarized light. The other is circular dichroism which is characterized by the difference in transmitted power of the right-handed circularly polarized (RCP) and left-handed circularly polarized (LCP) waves. If the chiral medium has a large chiral parameter, the negative refractive index can be achieved theoretically [11] [12] [13] .
It is significantly different from double-negative method to achieve negative refractive index in the chiral medium. First, the doublenegative method uses two sets of resonant structures for electric and magnetic responses, respectively. Such two structures must resonate in the same frequency range to realize negative refractive index. In the chiral medium, however, only one resonance is required. Second, the chiral medium can realize negative refractive index for one circularly polarized wave, while the double-negative structures possess negative refractive index for the linearly polarized wave [14] .
In recent years, theoretical [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] and experimental (or simulative) [26] [27] [28] [29] [30] [31] [32] [33] [34] studies on chiral negative refractive media have been published in literature.
Several chiral negative refractive structures have been proposed, such as cross-wire structure [12, 26] , twisted rosettes structure [13, 27, 28] , U-shaped structure [29] [30] [31] , and twisted metallic foil structure [32] [33] [34] , etc.. In this paper, we design and simulate a new L-shaped chiral structure which owns stronger rotation angle and larger negative refractive index. This chiral structure may have many potential applications such as cloaking [35] [36] [37] , subwavelength imaging [38] [39] [40] , focusing [41] , optical storage [42] , and polarization devices [43, 44] , including pure linear polarization rotator and half-wave plate.
NEGATIVE REFRACTIVE INDEX IN CHIRAL MEDIA
For isotropic chiral media, the strength of the cross coupling between the magnetic and electric field is characterized by the chiral parameter κ. The constitutive relations in an isotropic chiral medium for a timeharmonic field with e jωt are as follows [45] :
where ε and µ are the relative permittivity and permeability of the chiral medium respectively, ε 0 and µ 0 are the permittivity and permeability of vacuum. There are two eigenwaves in the chiral medium. One is the right-handed circularly polarized (RCP, +) wave and the other is the left-handed circularly polarized (LCP, −) wave. The electromagnetic fields in the chiral medium can be expressed as [9] :
where η = µµ 0 /εε 0 is the wave impedance in the chiral medium. According to the Maxwell's equations and the constitutive relations, we can get the wave equation of the electric field E ± propagating in the chiral medium:
where k ± = n ± k 0 are the wavenumbers of the two eigenwaves in the chiral medium, and k 0 = ω √ µ 0 ε 0 is the wavenumber in vacuum. n ± are the indices of refraction for RCP and LCP waves, which are given by:
where n = √ εµ. From Equation (4), we can immediately find that the index of refraction for LCP or RCP wave can achieve negative refractive index, if n < |κ|. Thus, |κ| should be large enough to overcome the magnitude of n to achieve negative n ± . Unlike conventional negative index structure designs [2, 3] , the chiral negative index structure does not require simultaneously negative permittivity and negative permeability.
DESIGN AND SIMULATION OF MICROWAVE FREQUENCY BAND CHIRAL STRUCTURE
The structure of the proposed chiral medium is periodic, and one of the unit cells is shown in Figure 1 . It is composed of L-shaped copper ) show the simulated results of the ellipticity angle η and polarization azimuth rotation angle θ of the transmitted wave, respectively. In the vicinity of the resonance frequencies of 12.6 GHz and 14.3 GHz, the ellipticity angle and the polarization azimuth rotation angle respectively reach their maximum values. η = 0 corresponds to a pure optical activity effect, i.e., for the linear polarization incident wave, the transmitted wave will still be linear polarization but with a rotated angle θ. We observe the polarization rotation angle of θ = 40 • with η = 0. Our chiral structure possesses huger pure polarization azimuth rotation angle compared with other reported microwave frequency band chiral structures: twisted rosettes structure [13, 27] (7 • and 3 • , respectively), U-shaped structure [31] (26 • ) and conjugated gammadion structure [46] (30 • ).
Using the retrieval procedure [13] , we also calculate the effective parameters κ, n + , n − , n, ε and µ from the simulated transmission and reflection spectra. Figure 3 (a) presents the real parts of the relative permittivity ε and permeability µ for the L-shaped chiral structure. It is clear that the resonance around the frequency of 12.6 GHz is electric resonance and the resonance around the frequency of 14.3 GHz is magnetic resonance, which demonstrates that the resonance in Figure 2 (a) at 12.6 GHz is caused by the electric resonance, and the resonance at 14.3 GHz is caused by the magnetic resonance. We also find that the permittivity and permeability are without simultaneously negative at the resonance. Figure 3(b) presents the real parts of the chiral parameter κ, the refractive index for RCP (n + ) and LCP (n − ) waves, and the conventional definition of refractive n. Note that around the two resonances, the chiral parameter reaches their maximum values. Due to the relation of n ± = n ± κ, the large chiral parameter leads to n − < 0 at frequency region 12.6 ∼ 13.1 GHz and n + < 0 at frequency region 14.3 ∼ 14.5 GHz, their maximum negative refractive indices are −3.2 and −2.5, respectively. The negative refractive index for RCP (n + ) and LCP (n − ) waves originates from the chiral parameter if we notice that n is positive through the entire frequency range from 10 GHz to 15 GHz. This structure may have many potential applications such as cloaking and subwavelength imaging. In order to understand the mechanism of the resonances for the L-shaped chiral structure, we study the surface current distribution as shown in Figure 4 . The solid arrows denote the surface current directions for the upper L-shaped layer, and the dashed arrows denote the surface current directions for the bottom L-shaped layer. Figure 4(a) shows that at the resonant frequency of 12.6 GHz, the surface currents on the top and bottom layer are parallel for the A and B, suggesting that the structure acts like an electric dipole at 12.6 GHz. That is the reason why the relative permittivity ε occurring resonance at 12.6 GHz. On the contrary, at 14.3 GHz, the surface currents on the two layers are antiparallel, and they form a current loop for the A and B, as illustrated in Figure 4(b) . Moreover, the induced magnetic field component points to left, indicating that the structure acts like a magnetic dipole at 14.3 GHz. That results in resonance for the relative permeability µ at 14.3 GHz. Figure 5 shows the schematic of one unite cell of the L-shaped optical frequency band chiral structure. Periodic constant p = 750 nm. The length, width, thickness and distance interval of metallic L-shape are a = 300 nm, w = 100 nm, t = 50 nm and d = 50 nm. We choose gold as metallic material and use MgF 2 (n = 1.38) as dielectric layer. The thickness of dielectric layer is h = 50 nm. In the simulation, the gold optical properties are handled with a frequency dependent Drude model with plasma frequency ω p = 2π × 2133 THz and collision
DESIGN AND SIMULATION OF OPTICAL FREQUENCY BAND CHIRAL STRUCTURE
(c) frequency ω c = 2π × 33 THz [29] . A plane wave occurs along the negative z-direction and incidents normally onto surface plane of the structure. The periodic boundary condition is applied to the direction perpendicular to the propagation direction. Firstly, we also calculate the transmission spectra of LCP (T −− ) and RCP (T ++ ) waves, as shown in Figure 6(a) . We can find obvious resonance dips around the frequencies of 247 THz and 292 THz. For the first resonance at 247 THz, the transmission dip for LCP (T −− ) wave is much deeper than that for RCP (T ++ ) wave, which means the resonance for LCP wave is much stronger than RCP wave. While for the second resonance at 292 THz, the resonance for RCP wave is much stronger than LCP wave. Figure 6 (b) shows that this optical frequency band chiral structure also has a large circular dichroism at the two resonances, so the structure has distinct optical property. The retrieved ellipticity angle η and polarization azimuth rotation angle θ also show that our structure has notable optical performance. In Figure 6 (c), the ellipticity angle η reaches 34 • at 247 THz, and is up to −30 • at 292 THz. While at the around two resonant frequencies, the polarization azimuth rotation angle θ reaches their maximum values ( Figure 6(d) ). At the frequency range between 247 THz and 292 THz, we gain a polarization rotation angle of 40 • with η = 0, which is larger than the value reported in references [26, 29] In Figure 7 (a), the real part of the chiral parameter κ can (a) (b) Figure 7 . (a) The real part of the chiral parameter κ, the refractive index for RCP (n + ) and LCP (n − ) waves, and the conventional definition of refractive n; (b) the real part of the relative permittivity ε and permeability µ. reach 2.3 and −1.6 around the resonance frequencies of 247 THz and 292 THz, respectively. Consequently, the refractive index of LCP (n − ) wave becomes negative between 247 THz and 256 THz, whereas the refractive index of RCP (n + ) wave becomes negative between 292 THz and 295 THz, and their maximum negative refractive indices can reach −2.2 and −1.3, respectively. The reason is that in the frequency range from 247 THz to 256 THz, the chiral parameter κ is positive and the value is bigger than refractive index n, leading to n − < 0. Similarly, in the frequency range from 292 THz to 295 THz, the chiral parameter κ is negative and the absolute value is bigger than refractive index n, leading to n + < 0. In Figure 7 (b), the ε is negative in the frequency range from 236 THz to 256 THz, while the µ is negative in the frequency range from 292 THz to 295 THz. There is no overlap region of negative ε and µ. For the traditional negative refractive medium [2, 3] , this will not result in negative index. Therefore, the negative refractive index of LCP (RCP) wave is completely due to large chiral parameter κ.
CONCLUSION
In summary, the properties of L-shaped chiral negative refractive structure working in microwave frequency band and optical frequency band have been investigated by numerical simulation. The results show that the microwave frequency band chiral structure possesses giant optical activity and very large circular dichroism at 12.6 GHz and 14.3 GHz, and the refractive index of LCP (n − ) wave is negative from 12.6 GHz to 13.1 GHz, and the refractive index of RCP (n + ) wave is negative from 14.3 GHz to 14.5 GHz. While the optical frequency band chiral structure has strong optical activity and large circular dichroism at 247 THz and 292 THz, and n − is negative from 247 THz to 256 THz and n + is negative from 292 THz to 295 THz. Especially, we observe a polarization rotation angle of 40 • with η = 0 for the L-shaped chiral structure, which is larger than the value reported in bi-layer chiral negative refractive structure [13, 26, 27, 29, 31, 46] . The numerical simulations also show that the negative refractive index of the chiral structure is due to a large chiral parameter but dose not require simultaneously negative permittivity and negative permeability. The chiral structure has excellent optical properties, and there are potential applications in the optical functional materials and optical polarization devices. The geometry of the L-shaped chiral structure is simple and easy to fabricate, the microwave frequency band structure can be manufactured by PCB (Printed Circuit Board) and the optical frequency band structure can be fabricated by EBL (Electron Beam Lithography). 
